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Clinical Article 



Locations and Clinical Significance 
of Non-Hemorrhagic Brain Lesions 
in Diffuse Axonal Injuries 

Sang Won Chung, M.D., Yong Sook Park, M.D, Ph.D., Taek Kyun Nam, M.D., Ph.D., Jeong Taik Kwon, M.D., Ph.D., 
Byung Kook Min, M.D, Ph.D., Sung Nam Hwang, M.D, Ph.D. 

Department of Neurosurgery, Chung-Ang University Hospital, Seoul, Korea 

Objective : Detection of focal non-hemorrhagic lesion (NHL) has become more efficient in diffuse axonal injury (DAI) patients using an MRI. The aims 
of this study are to find out the radiological distribution, progress of NHL and its clinical significance. 

Methods : Between September 2005 and October 201 1 , 32 individuals with NHLs on brain MRI were enrolled. NHLs were classified by brain loca- 
tion into 4 major districts and 13 detailed locations including cortical and subcortical, corpus callosum, deep nuclei and adjacent area, and brain- 
stem. The severity of NHL was scored from grades 1 to 4, according to the number of districts involved. Fourteen patients with NHL were available 
for MRI follow-up and an investigation of the changes was conducted. 

Results : Thirty-two patients had 59 NHLs. The most common district of NHL was cortical and subcortical area; 1 5 patients had 20 NHSs. However 
the most common specific location was the splenium of the corpus callosum; 14 patients had 14 lesions. The more lesions patients had, the lower 
the GCS, however, this was not a statistically meaningful difference. On follow-up MRI in 14 patients, out of 24 lesions, 13 NHLs resolved, 5 showed 
cystic change, and 6 showed atrophic changes. 

Conclusion : NHLs were located most commonly in the splenium and occur frequently in the thalamus and the mesial temporal lobe. Because 
most NHS occur concomitantly with hemorrhagic lesions, it was difficult to determine their effects on prognosis. Since most NHLs resolve complete- 
ly, they are probably less significant to prognosis than hemorrhagic lesions. 

Key Words : Traumatic brain injury ■ Diffuse axonal injury ■ Magnetic resonance imaging • Corpus callosum ■ Non-hemorrhagic. 



INTRODUCTION 

Diffuse axonal injury (DAI) is commonly induced by sudden 
acceleration-deceleration or rotational forces and the subse- 
quent tissue injury is characterized by axonal stretching, dis- 
ruption and eventual separation of nerve nbers 23A21 ' 25) . The ana- 
tomical sites commonly affected are corticomedullary junctions, 
located in frontal and temporal regions as well as the corpus 
callosum, upper brainstem, and deep gray matter 1,3 '. Three 
grades of DAI have been described by Adams et al. 3) based on 
their neuropathological studies : Grade 1 DAI denotes wide- 
spread, microscopic axonal damage in any location; in Grade 2 
DAI there are additional focal abnormalities in the corpus cal- 
losum; and in Grade 3 DAI, focal lesions in the rostral brain- 
stem are also found. 



As a result of recent developments in radiological techniques 
and widespread use of magnetic resonance imaging (MRI) in 
traumatic brain injury (TBI) patients, detection of focal non- 
hemorrhagic lesions (NHL) has become more efficient, as com- 
pared to previous X-ray or computer tomography (CT). NHLs 
after head trauma have been noticed as a form of DAI 813) . But, 
the lesions were not clearly denned compared to the hemorrhag- 
ic lesions. Until now, there were several fragmentary mentions 
about NHL. Gentry et al. 8) defines NHL as a lesion which cannot 
be found by CT but can found by MRI, and Topal et al. 28) defines 
NHL as a lesion which cannot be found by gradient echo (GRE) 
sequence MRI but can found by diffusion-weight (DW) se- 
quence MRI. NHL has sometimes been described as traumatic 
white matter damage, shear injury DAI with its most pathologi- 
cal findings as retraction ball, delayed axotomy and cytoskeletal 
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disruption 4,20,21,26 '. However, the distribution, evolution and de- 
velopmental mechanism of NHL are not well known and there 
have been no detailed studies. 

The aims of this study are to find out the radiological distri- 
bution, progress of NHL and its clinical significance. 

MATERIALS AND METHODS 

Between September 2005 and October 2011, 32 patients aged 
6 to 75 years with moderate to severe TBI with NHL on brain 
MRI were enrolled. Brain MRI was carried out 1 to 78 days (av- 
erage 12 days) after trauma, and included Tl, T2, T2 flair axial 
images, susceptibility weighted imaging (SWI), Tl sagittal and 
T2 coronal images. MRI was performed using a 3.0T Achieva 
Philips imaging system. The protocols of axial spin echo Tl- 
weighted imaging are 25 slices, slice thickness 5 mm, TR 450.0 
msec, TE 10.0 msec, FOV 220x220 mm, reconstructed voxel size 
0.430 mm, axial turbo spin echo T2-weighted imaging 25 slices, 
slice thickness 5 mm, TR 3000.0 msec, TE 80.0 msec, FOV 
220x220 mm, reconstructed voxel size 0.449 mm, maximum/ 
minimum intensity projection SWI 25 slices, slice thickness 5 
mm, TR 25.5 msec, TE 36.2 msec, FOV 220x220 mm, recon- 
structed voxel size 0.371 mm, coronal turbo spin echo T2- 
weighted imaging 25 slices, slice thickness 5 mm, TR 3000.0 
msec, TE 80.0 msec, FOV 220x220 mm, reconstructed voxel size 
0.449 mm, and sagittal Tl -weighted imaging 23 slices, slice 
thickness 5 mm, TR 430.0 msec, TE 10.0 msec, FOV 220x220 
mm, reconstructed voxel size 0.430 mm. 

Imaging analysis - the definition, classification, and 
grading of NHL 

Inclusion criteria 

NHL is defined as demonstration of low signal at Tl, and hy- 
perintense signal change at T2 and T2 flair image but without 
hypointense signal change at SWI, which is most sensitive for 
hemorrhages 10 - 27 '. 

Exclusion criteria 

Peri-lesional edema due to hemorrhagic lesion was excluded, 
as well as old lacunae infarction or degenerative white matter 
lesions thought to be present before the trauma. 

These NHLs in our patient sample were classified by location 
into 4 major districts and 13 detail locations including cortical 
and subcortical, corpus callosum, deep nuclei and adjacent 
area and brainstem. Cortical and subcortical were further di- 
vided into cortical, mesial temporal (hippocampus or parahip- 
pocampal gyrus), and subcortical. Lesions in the corpus callo- 
sum were divided into splenium, splenium and body. There 
were no lesions of the rostrum or genu of the corpus callosum. 
The deep nuclei and adjacent area included internal capsule, 
thalamus, basal ganglia and cerebellum, and the brainstem 
were divided into ventral, dorsal, dorso-ventral, and cerebellar 



peduncle. 

The severity of NHL was graded from 1 to 4, according to the 
number of districts involved. If limited to one district, regardless 
of the number of NHL, it was assigned as Grade 1. The same 
system was applied for Grades 2 and 3. Grade 4 indicates that 
NHLs were present in all 4 districts. We investigated the relativi- 
ty of the grading of NHL to the Glasgow coma scale score (GCS) 
of the patient upon admission, and the prognosis as calculated 
by the Glasgow outcome scale score (GOS) system. 

We also investigated hemorrhagic lesions accompanying the 
NHL. The presence of traumatic subarachnoid hemorrhage (T- 
SAH), intraventricular hemorrhage (IVH) and the location of 
hemorrhagic contusion (H-contusion) were taken into consid- 
eration while subdural hematoma and epidural hematoma 
were excluded because they are extra-axial lesions. 

Fourteen patients with NHL were available for MRI follow- 
up and investigations of the changes in the original NHLs were 
conducted. The initial evaluation of patients included sex, age, 
type of trauma, and GCS score upon admission. The prognosis 
was recorded by GOS taken during the last visit to the hospital, 
and GOS analyses of patients who were not available for in- 
hospital follow-up were conducted by telephone. 

RESULTS 

Patient characteristics 

From September 2005 to October 2011, 59 NHLs were found 
in 32 patients who underwent post-injury (average 12 days, range 
1-78 days) brain MRIs. The average age of the patients was 34.2 
(range 6-75 years); 26 patients were male and 6 patients were 
female. The cause of trauma for 19 patients was car, motorbike 
or bike accidents and the rest were falls and fighting injuries. 
Fifteen patients had initial GCS scores of 7 or lower due to se- 
vere head injury, and 17 had scores greater than 8. Fifteen pa- 
tients showed "good recovery", 4 patients "moderate disability", 
8 patients "severe disability", 5 patients vegetative states, and 
there were no deaths (Table 1). 

Distribution and locations of NHLs 

When looking at the distribution of NHL, the cortical and 
subcortical areas had 20 lesions in 15 patients, the corpus cal- 
losum area 14 lesions in 14 patients (Fig. 1), the deep nuclei 
and adjacent area 12 lesions in 10 patients (Fig. 2, 3), and the 
brain stem area 13 lesions in 12 patients (Fig. 4). The most 
common location for single lesions was the splenium of the 
corpus callosum, with 13 lesions, and cortical and hippocam- 
pal or parahippocampal gyral lesions followed with 8 each (Ta- 
ble 2). All of the internal capsular lesions were located in the 
posterior limb. Brainstem lesions were more common in the 
ventral area (n=7) than the dorsal area (n=3). One lesion occu- 
pied almost the entire lateral half (dorso-ventral) of the given 
axial view of the pons. Two lesions were found in the middle 
cerebellar peduncle. 
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Table 1. Demographic summary of patients with non-hemorrhagic brain 
lesions after head trauma 



Table 2. Locations of non-hemorrhagic brain lesions 



Characteristics 


Number (%) 


Districts and locations in detail 


/T\Tn of lesion*; (n — 5Ql 


Age 


Average : 34.2 (6-75) years 


CjOrtical and subcortical 


1D/ZU 


Sex 




Cortical 


q 
o 


Male : Female 


26 (81): 6 (19) 


Mesial temporal (hippocampus or 


8 


Accidents 




parahippocampal gyrus) 




Car accidents 


12 (38) 


Subcortical 


4 


Motorbike/bike injuries 


7(22) 


Corpus callosum 


14/14 


Falling 


7(22) 


Snleninm 


13 


Fighting 


1(3) 


Body and splenium 


1 


Other (unknown) 


5(15) 


Deep nuclei and adjacent area 


10/12 


Severity of TBI 




Internal capsule posterior limb 


5 


GCS <7 


15 (47) 


Thalamus 


3 


GCS 8-15 


17 (53) 


Basal ganglia 


3 


Outcome (GOS) 




Cerebellum 


1 


Death 


0(0) 


Brainstem 


12/13 


Vegetative state 


5(15) 


Ventral 


7 


Severe disability 


8(25) 


Dorsal 


3 


Moderate disability 


4(13) 


Dorso-ventral 


1 


Good recovery 


15 (47) 


Cerebellar peduncle 


2 




GCS : glasgow coma scale score, GOS : glasgow outcome scale score, TBI : trau- 
matic brain injury 



Severity of NHL 

Grades 1, 2, 3 and 4 included 17, 12, 2 
and 1 patients, respectively. The higher 
the grade of NHL, the lower the GCS, 
however, this was not a statistically 
meaningful difference. GOS was worst in 
the NHL grade 3 group but NHL grade 
was not correlated with GOS (Table 3). 



The distribution of hemorrhagic 
lesions accompanying NHLs 

Out of 32 patients with NHL, all but 
one had hemorrhagic lesions. There 
were a total of 124 hemorrhagic lesions, which is much greater 
than the number of NHLs. Twenty-seven patients had T-SAH. 
Fifteen patients had IVH. H-contusions in subcortical area 
were noted in 30 patients, in the thalamus or deep nuclei in 16 
patients, in the brainstem in 15 patients and in the cerebellum 
in 7 patients (Table 4). 

Evolution of NHL 

Twenty-four NHLs in 14 patients were available for MRI fol- 
low-up. Thirteen of the 24 NHLs disappeared with no traces 
(Fig. 2), 5 showed cystic changes (Fig. 5), and 6 showed atrophy 
(Fig. 6) (Table 5). 

DISCUSSION 

DAI was referred to by several names such as shearing injury, 




Fig. 1. A non-hemorrhagic lesion of the corpus callosum. A 21 -year-old male was admitted due to a 
bicycle accident. Upon admission his Glasgow coma scale score was 6 points. MRI shows a non- 
hemorrhagic lesion (arrows) at the splenium of the corpus callosum. Non-hemorrhagic lesions show 
high signal intensity atT2W1 (A) and FLAIR (B), but dark signals cannot be seen on SWI (C). 

diffuse damage to white matter of immediate impact type, diffuse 
white matter shearing injury or inner cerebral trauma 4,9,20,26 ' 30 '. 
Adams et aL 3) questioned whether focal damage could occur in 
the brain stem as a result of a head injury as an isolated event 
and have suggested by themselves DAI was a clinical syndrome 
of primary brain injury and classified it as three grades based 
on involved locations. Their study was a histopathological result 
of 434 cases of non-missle head injuries and as they mentioned 
this study has limitations in that DAI might have been ob- 
scured by other type of contusions and hematomas or brain 
damage secondary to increased intracranial pressure, hypoxia 
or infarctions and in that their study was performed in forensic 
work, the identification and definition of less severe forms of 
DAI was not fully performed. There needs a brief review of 
their reports to clarify the difference with our study. According 
to their reports, the focal lesions in the corpus callosum were 
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Fig. 2. A non-hemorrhagic lesion of the thalamus area. A 57-year-old male was admitted due to a pe- 
destrian car accident, with a Glasgow coma scale of 7 on admission. MRI shows a non-hemorrhagic 
lesion at the right thalamus (arrow). Non-hemorrhagic lesions show high signal intensity at T2W1 (A) 
and FLAIR (B), but a dark signal cannot be seen on SWI (C). However, at one month follow-up, the pre- 
vious high signal atT2W1 (D), FLAIR (E) is not seen and SWI (F) still showed no dark signals. 




Fig. 3. A non-hemorrhagic lesion of the internal capsule. A 45-year-old male fell and was admitted 
to the emergency room. His initial Glasgow coma scale was 4 points and he was in a semi-coma. 
MRI shows a non-hemorrhagic lesion in the left internal capsule posterior limb at T2W1 (arrow, A) 
and FLAIR (B) with no dark signal at SWI (C). Hemorrhagic lesions are also noted in the corpus cal- 
losum, thalamus, brainstem and cerebellum. 




Fig. 4. Non-hemorrhagic lesions of the brainstem and hippocampus. A 35-year-old woman was ad- 
mitted in a semicomatose state after a fall. T2WI (A) and FLAIR (B) shows a bright dot on the left 
crus cerebri of the midbrain (arrows) and SWI (C) does not show low signal intensity. Another non- 
hemorrhagic lesion is suspected on the left hippocampus. FLAIR (B) shows a bright signal intensity 
lesion from the left pes hippocampus to the body of the hippocampus, which is not prominent on 
T2WI (A) except slightly swollen pes hippocampus. Several petechial hemorrhagic lesions are also 
noted in the right temporal subcortical area and left mesial temporal area. 
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typically hemorrhagic and tended to lie 
to one side of the midline, occurred 
most frequently in the inferior part of 
the corpus callosum and occasionally 
restricted to the splenium. The brain 
stem lesions were in the dorsolateral 
quadrants of the rostral brain stem. 
They also noticed that there were some 
lesions with no hemorrhage and those 
lesions were histological evidence of 
vacuolation and rarefaction of the af- 
fected tissue 3 '. 

NHLs have been identified and no- 
ticed in several literatures but not clearly 
defined. Topal et al. 28) reported 5 cases of 
DAIs who had had mild head injury of 
GCS score between 13 and 15. They in- 
dicated one of the 5 cases had a lesion 
showing hyperintense on FLAIR and 
DW image but no signal change on GRE 
image and defined the lesion as 'non- 
hemorrhagic'. Gentry et al. 8) described 
that acute callosal lesions were common- 
ly nonhemorrhagic in nature on MRI 
features because 21 of 31 cases (67.7%) 
showed nonhemorrhagic nature. How- 
ever, these cases seemed to include the 
edema surrounding the hemorrhagic le- 
sion in that they mentioned as 'Usually, 
large nonhemorrhagic zones of injury 
surrounded the foci of blood'. The same 
authors reported brain stem injuries as 
well but just mentioned as NHLs are 
more detectable on T2 -weighted MRI 
than Tl-weighted MRI or CT 71 . 

Location and injury mechanism 

The greatest number of NHLs in our 
study was found in the most exterior 
part of brain, the cortical and subcortical 
areas. When looking at a subdivided cat- 
egory, however, the most common area 
was the splenium of the corpus callo- 
sum, in which 13 of 59 lesions were 
found. This distribution may be caused 
by traumatic laceration by the free edge 
of the falx 20) . However, this explanation 
is not feasible except for a small number 
of cases 11 ' 12 - 15 ' 16) . Lindenberg et al. 1517) 
stated that shear-strain forces and direct 
blows to the vertex of the head, specifi- 
cally the superior level of the corpus cal- 
losum, result in traumatic lacerations. 
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One explanation gaining prominence is 
that shear-strain deformation is an es- 
sential element of such injuries. Gen- 
narelli et al. 6) performed an important 
series of primate experiments and dem- 
onstrated that nonimpact rotational ac- 
celeration of the head in the lateral, or 
oblique-lateral directions uniformly 
produces traumatic corpus callosum in- 
jury. Although the falx does not play a 
direct role in corpus callosum injuries, it 
may play an indirect role 81 . Shear-strain 
forces do not develop between tissues of 
the same density if they are free to move 
as a unit. When some portions of the 
accelerating and rotating brain lag be- 
hind the faster adjacent moving areas, 
shear strains develop between the tis- 
sues. This can easily occur in the callo- 
sal region because the bulky and inde- 
pendently mobile cerebral hemispheres 
are connected by the less mobile corpus 
callosum. The rigid falx prevents the ce- 
rebral hemispheres from moving across 
the midline. Shear strains, therefore, de- 
velop across the connecting point (cor- 
pus callosum) of the two hemispheres 8 '. 

Five NHLs were found in the posteri- 
or limb of the internal capsule. The cor- 
ticospinal, corticobulbar, and corticoru- 
bral tracts pass through the posterior limb of the internal capsule, 
pathways that may be prone to deformation by shear strain force 
because their vertical paths are long. 

There are also numerous lesions in the thalamus, basal gan- 
glia, cerebellum, and the medial temporal lobe including the 
hippocampus and parahippocampal gyrus. These portions are 
thought to be underestimated with hemorrhagic lesions. The 
injury mechanism is also to be solved issue. 

The brainstem lesions are more common in the ventral por- 
tion rather than the dorsolateral area. The especially high preva- 
lence of lesions at the cms cerebri of the midbrain is thought to 
be due to shear injury to the long tract that descends from the 
posterior limb of the internal capsule. This result differs from 
Adams diffuse axonal injury classification in terms of location. 
The mechanism of the injury to the dorsolateral aspect was ex- 
plained that the area may contact the free edge of the tentorium 
at the tentorial incisura 7,13 '. However, the tentorial incisura is ac- 
tually in relation to the midbrain. Anteriorly the incisura ex- 
tends above the optic chiasm to the lamina terminalis, the mid- 
dle incisural space is located between the midbrain and tentorial 
edge and posterior incisural space is located the posterior mid- 
brain and encompasses the quadrigeminal cistern 24 '. Our study 
includes two cases of cerebellar peduncular lesions where cere- 



Table 3. Severity of non-hemorrhagic lesions and initial and final neurologic state 



Grade 


Number of patients 


GCS average 


GOS average 


1 


17 


8.96 


3.90 


2 


12 


9.23 


3.99 


3 


2 


7.5 


5 


4 


1 


6 


4 


GCS : glasgow coma scale score, GOS : glasgow outcome scale score 




Fig. 5. Cystic changes of non-hemorrhagic lesions on the corpus callosum. A 22-year-old man with 
a splenial non-hemorrhagic lesion (arrow, A : T2WI, B : FLAIR, C : SWI). Follow-up images in three 
months show a small cyst on the same area of splenium (D : T2WI, E : FLAIR, F : SWI). 
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Fig. 6. Atrophy of non-hemorrhagic lesion on brainstem. A 34-year-old 
man with a lesion on the right dorso-ventral midbrain. Follow-up images 
at two years show no abnormal signal in the midbrain, however, the vol- 
ume of the midbrain seems to be smaller than the initial images espe- 
cially on the right side (A : initial T2WI, B : initial FLAIR, C : 2-year follow- 
up T2WI, D : 2-year follow-up FLAIR). 
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Table 4. Combined hemorrhagic lesions 



Hemorrhagic lesions 



No. of patients (%) 



Traumatic subarachnoid hemorrhage 27 (84) 

Intraventricular hemorrhage 15 (46) 

Cortical contusion 30 (93) 

Corpus callosum contusion 14 (43) 

Contusion on thalamus or deep nucleus 16 (50) 

Brain stem contusion 15 (46) 

Cerebellar contusion 7 (21) 



Table 5. Evolution of non-hemorrhagic lesions 



Aspect of NHL change 
Normalized 
Cystic change 
Atrophy 
Total 

NHL : non-hemorrhagic lesion 



No. of lesions (%) 
13 (54) 

5(21) 

6(25) 
24 



bellar afferent and efferent fibers either entered or exited. With 
these results and the anatomical characteristics of cerebral and 
cerebellar peduncles which are main transfer zone of long tracts, 
NHLs in brainstem may represent a kind of shear injury. 

Clinical significance 

When examining GCS upon admission and GOS, Grades 1 
and 2 were similar in terms of GCS but Grades 3 and 4 had low- 
er scores. However, this was not a statistically meaningful differ- 
ence. GOS did not show much of a difference. As observed dur- 
ing the follow-up of 14 patients, NHLs have a 50% probability 
of disappearing completely on M RI, suggesting that NHLs are 
less detrimental to neurologic state than hemorrhagic lesions. 
Furthermore, as the effect of hemorrhagic lesions on neurologic 
state is severe, it seems inappropriate to examine only the sever- 
ity of NHL lesions. When examining changes that occurred in 
the 24 NHL lesions in 14 patients with MRI follow-up, more 
than half of the patients showed complete resolution, which in- 
dicates that NHL predicts good prognosis or has less of an ef- 
fect on prognosis. In the other patients, 5 showed cystic change, 
and 6 showed atrophic changes. It is likely that the NHLs in 
these patients did not resolve and that delayed axotomy pro- 
gressed and resulted in deformation 18,19,22 ' 23 '. 

Potential limitations of our study include small sample size and 
lack of histologic confirmation of the findings. Furthermore, ini- 
tial and last follow-up MRI period after trauma is not uniform. It 
can cause errors in analyzing images because lesions change over 
time. For detecting NHLs, DW images can be helpful 5,13,14,29 '. 

CONCLUSION 

NHLs that are clearly visualized on brain MRI are less well 
known than hemorrhagic lesions. We found that NHLs occur 
mostly in the splenium of the corpus callosum and also occur 



frequently in the thalamus and the mesial temporal lobe. How- 
ever, most occur concomitantly with hemorrhagic lesions, 
making it difficult to determine their effects on prognosis. Since 
most NHLs resolve completely, they are probably less signifi- 
cant to prognosis than hemorrhagic lesions. Location and char- 
acter of NHLs are similar to the DAI lesions. A prospective 
study with using DW images in more patients might be helpful 
for detecting the NHLs and clarifying its characteristics. 
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